To achieve a better understanding of the formation and evolutionary history of molluscan shell microstructures, we analysed crystallographic textures of shell microstructures of selected species of Protobranchia, the most ancient group of Bivalvia. Our dataset covers four of the five protobranch superfamilies. Shell layers of five species of Nuculoidea, four species of Solemyida and seven species of Nuculanoidea were analysed and classified according to their textural crystallographic patterns into six different types. Our investigation revealed that some microstructures (e.g. the radially elongate simple prismatic structure) have structure-specific textural patterns, while other microstructures (e.g. the homogeneous structure) show taxon-specific differences despite morphological similarities. The former result means that each microstructure accurately reflects a unique crystallographic structure; the inconsistency in the latter, however, calls into question the homologies among morphologically defined microstructures. In comparison with the latest molecular phylogenetic trees, our data showed that crystallographic textures are phylogenetically constrained within Protobranchia. Each nuculoidean species had two to three distinct textural patterns, and one or two similar textural patterns were recognized within each species of Solemyida and Nuculanoidea. In general, closely related species had similar crystallographic textural patterns regardless of differences in shell microstructures.
INTRODUCTION
Molluscan shells are some of the most intensively studied biomineral aggregates. They consist of calcium carbonate and minor amounts of organic matter. The calcium carbonate in shells usually takes the form of aragonite and/or calcite, and rarely vaterite (e.g. Spann, Harper & Aldridge, 2010) . The mineral phase, nucleation, shape and orientation of shell crystals in molluscs are controlled by crystallographic and biological processes. As a result, crystals are organized in recurrent structural arrangements called shell microstructures. Molluscan shells are secreted incrementally by the cells of the mantle epithelium, which are virtually in contact with the inner surface of the shell. The shells generally contain several superimposed layers (Taylor, Kennedy & Hall, 1969) , which may differ in mineralogical composition and/or microstructure (e.g. crystal orientation; MacClintock, 1967) . The structural organization of molluscan shells has been well studied over several decades and its diversity has been widely recognized (e.g. Bøggild, 1930; Taylor, Kennedy & Hall, 1969; Taylor, Kennedy & Hall, 1973; Carter, 1990) . In an extensive review of molluscan shell microstructures, Carter (1990) categorized molluscan shell microstructures into 42 morphotypes. This variety in molluscs is well above that found in other animal phyla or subphyla (e.g. brachiopods, corals or vertebrates; Carter, 1990) . It is, therefore, intriguing how molluscan shell microstructures are determined and why they are so variable.
With regard to the variability of molluscan shell microstructures, it is widely accepted that shell microstructures are phylogenetically constrained. Numerous studies have described shell microstructural compositions and confirmed similarities between phylogenetically close taxa in diverse groups of molluscs (Veneridae: Uozumi & Suzuki, 1981; Littorinidae: Taylor & Reid, 1990; Cardiidae: Schneider & Carter, 2001; Patellogastropoda: Fuchigami & Sasaki, 2005 ; Mytilidae: Génio et al., 2012) . Even the shell microstructures of fossil molluscs have been described for a variety of taxa (e.g. Carter, 1990 Carter, , 2001 Hedegaard, Lindberg & Bandel, 1997; Kouchinsky, 2000; Schneider & Carter, 2001; Feng & Sun, 2003; Vendrasco, Checa & Kouchinsky, 2011) . Further studies characterizing variations in shell microstructure among clades are expected to provide a better understanding of both the evolutionary history and the biomineralization mechanisms of molluscs.
Shell microstructures are mostly characterized based on observations by qualitative methods: light microscopy, scanning electron microscopy (SEM) and transmission electron microscopy. However, (Checa & Rodríguez-Navarro, 2005) . Furthermore, several studies have reported that the crystallographic textures of molluscan shell microstructures are phylogenetically constrained (e.g. Chateigner, Hedegaard & Wenk, 2000; Álvarez-Lloret, Rodriguez-Navarro & Checa, 2008; Frýda et al., 2010) . One example is the a-and b-axis directions of nacre, one of the most studied microstructures. Chateigner et al. (2000) and Álvarez-Lloret et al. (2008) considered that in bivalves, contrary to gastropods, these axes are co-oriented. In addition, Frýda et al. (2010) recognized that the alignment of aand b-axes of nacre of bivalves differs at the level of order to genus and that they show a tendency to be well-ordered in more derived bivalve groups. For protobranch bivalves, crystallographic texture analyses are limited, although morphological descriptions of microstructures have been performed (Sato et al., 2013; Sato & Sasaki, 2015) . In these studies, a diversity greater than that of the previously known shell microstructures has been revealed. For instance, Sato et al. (2013) subdivided the unique microstructure of Solemyoidea, the radially elongate simple prismatic structure, into three types. Also, five types of the outer prismatic layer were recognized in Nuculoidea (Sato & Sasaki, 2015) . Protobranchia is widely regarded as the most basal group of bivalves (e.g. Zardus, 2002) ; hence, it is a key taxon for understanding the origin and evolution of shell microstructures in Bivalvia. Protobranchs have not changed their large-scale morphology drastically over time and their range of variation is relatively limited (Zardus, 2002) . Therefore, the characterization of their shell microstructures both by morphological descriptions and crystallographic texture analyses will provide information about phylogenetic groupings within the Protobranchia.
The crystallographic textures of shell microstructures are adequately described using X-ray pole figures displaying the distribution of specific crystallographic directions, or poles, in relation to the sample surface. Here, we analysed crystallographic textures of shell microstructures of protobranchs and categorized their pole figures to test homologies across various higher taxa, using the set of species described morphologically by Sato & Sasaki (2015) .
MATERIAL AND METHODS

Material
In total, 18 specimens belonging to 16 species of Protobranchia from Japanese waters were investigated in this study (Table 1) . Their higher classification is based on current systematics (Bouchet et al., 2010; Huber, 2010; Coan & Valentich-Scott, 2012; WoRMS, 2016) . Two specimens of both Ennucula niponica and Nuculana tanseimaruae from different localities were used to check for intraspecific variation in crystallographic textures.
Scanning electron microscopy
Polished surfaces of the shells of these species were observed with an SEM (Keyence-VE8800). Specimens were embedded in epoxy resin (S-31, Devcon Corp.) prior to cutting, immersed in sodium hypochlorite for 15 min, and etched with 0.2% HCl for 1 min. After cleaning with an ultrasonic cleaner, the samples were coated with osmium using an osmium coater (Vacuum Device HPC-15W) for observations by SEM. The terminology used for shell microstructures was based on Carter (1990) and Carter et al. (2012) .
X-ray diffraction (XRD)
Pole figures were measured from the variation of intensity of a given hkl reflection for any possible orientation of the sample. Prior to XRD, all samples were cut into small chips (up to c. 5 mm in diameter) using a hand cutter. Small chips were cut from areas near the dorsal and ventral margins of the shells and the outer, middle and inner layers; they were then exposed to X-rays ( Fig. 1 ). Samples were measured using an X-ray single diffractometer (SMART APEX II, Bruker, located at Chiba University) with the following working conditions: Mo Ka radiation 50 kV and 30 mA, collimator size 0.5 mm in diameter. The shell samples were mounted on a goniometer head with the target surface perpendicular to the ϕ-rotation axis. The ϕ axis was rotated by 180°or 360°, with diffraction patterns being recorded every 5°, giving a total of 36 or 72 frames for each analysis. The ω and 2θ axes were set at 10°and 20°, respectively. As a result, the orientation distribution was determined for thousands of crystallites in an area that was only around 1-3 mm in diameter. Pole densities for strong aragonite reflections (102 and 002) were calculated and displayed using the XRD2DScan software v. 4.1.1 (RodriguezNavarro, 2006; http://www.ugr.es/~anava/xrd2dscan.htm). Pole figures display intensity variations of a given hkl reflection (102, 002) as a function of the sample orientation. The upper side of all of the generated pole figures coincides with the growth direction of each shell. The angular width of the maxima displayed in the pole figures was calculated along the ϕ and χ angles, thus representing the spread of crystal orientations for a particular sample. If the analysed polycrystalline materials are composed of aligned crystals, the pole figures show sharp maxima, while materials consisting of disordered crystals show a scattered distribution in their pole. In general terms, {102} poles provide indications of the aaxis distributions and we can interpret c-axis distributions from {002} poles.
RESULTS
The observed crystallographic texture patterns were classified into six groups based on the qualitative and quantitative analyses of pole figures. Our characterization and definition of textural groups are summarized in Table 2 and Figure 2 . Most shell microstructural compositions we analysed had already been described by Sato et al. (2013) and Sato & Sasaki (2015) . However, we provide the first descriptions of the shell microstructures of Sinonucula cyrenoides and Acila vigilia. The shell microstructures of the protobranchs analysed and their attribution to textural groups are shown in Table 3 (see also Supplementary Material Fig. S1 ; Sato et al., 2013; Sato & Sasaki, 2015) , along with the descriptions of their crystallographic patterns. Shell microstructures and crystallographic textures did not exhibit a simple one-to-one correspondence; their complex relationship is described below.
Nuculidae
Our SEM observation revealed that both A. vigilia and S. cyrenoides shells commonly had an irregular nondenticular composite prismatic outer layer, a columnar nacreous middle layer and a sheet nacreous inner layer (Fig. 3) . The crystallographic textures of the five nuculid species are shown in Supplementary Material Figs S2 and S3. In the larger species (i.e. A. vigilia, Ennucula niponica, and S. cyrenoides), the crystallographic textures of their outer layers were determined at both the ventral and the dorsal sides. Species of the family Nuculidae commonly have prismatic structures in their outer shell layers, with considerable interspecific morphological variation (see Sato & Sasaki, 2015) . Among the examined species, E. niponica has a nondenticular composite prismatic structure, A. insignis has an irregular fibrous prismatic structure and Nucula sp. has a denticular composite structure. The variation in the crystallographic textures of the outer layers of nuculid species was discernible at the ventral side of each shell (i.e. the area where the outer layer thickens). Although they do not share the same shell microstructures in their outer layers and differ in the presence or absence of shell sculpture, the crystallographic textures of A. insignis, A. vigilia and S. cyrenoides (Supplementary Material Fig. S2B, F, I , L and S3B, F) were similar, showing deeply slanting {002} pole maxima and ring-like patterns in the {102} pole figures (type A). The crystallographic texture of the outer prismatic layer of N. sp. (Supplementary Material Fig. S2O , R) differed slightly from that of the above species in that the crystals in the outer layer were better aligned and two different maxima on the {002} poles were recognized, with one of the them being likewise deeply reclined {002}. One region was deeply slanting (almost 90°) and the other was tilted by c. 30°(type B). The denticular composite prismatic structure of the outer layer of N. sp. consisted of acicular crystals spreading ventrally in a fan-like manner; acicular crystals on the exterior side of the outer layer were nearly perpendicular to the outer shell surface and those on the interior side were almost horizontal (see Sato & Sasaki, 2015: figs 112-117). Thus, the crystallographic pattern recognized in the outer layer of N. sp. is presumably related to this crystal distribution. The crystallographic textures of E. niponica (Supplementary Material Fig. S3I-X) showed weakly slanting {002} poles (around 30°) and a ring-like pattern, while the {102} poles tended to cluster (type C).
The middle and inner layers of the family Nuculidae are commonly composed of nacreous structures, but differences in the stacking pattern of nacre tablets are obvious between the middle and inner layers in most nuculids (Sato & Sasaki, 2015) . The nuculid species we examined commonly have columnar nacre in their middle layers and sheet nacre in their inner layers. While the c-axes of the nacreous structures were nearly perpendicular to the shell surfaces in all examined nuculids, the distribution of their {102} poles was variable. Dyad symmetry patterns, which imply a single crystal-like texture (type D), were found for the {102} poles in the middle layers of N. sp. (Supplementary Material Fig. S2P ), S. cyrenoides (Supplementary Material Fig. S3C ) and E. niponica (a specimen from off Wakayama; Supplementary Material Fig. S3S ). Weakly clustered girdle-like patterns (type C) were recognized in the middle layers of E. niponica (a specimen from off Amami-Ohshima; Supplementary Material Fig. S3K ) and A. insignis (Supplementary Material Fig. S2J ). The middle layer of A. vigilia showed a ring-like pattern (type C) in the {102} pole, indicative of a fibrous texture (Supplementary Material  Fig. S2C ). The inner-layer sheet nacreous structure in the two Acila species (Supplementary Material Fig. S2D , K) had a crystallographic texture similar to that of their middle-layer columnar nacreous structure. However, the middle-and inner-layer nacreous structures of the other nuculids had different shell textures, with the {102} poles of their inner nacreous layers more widely scattered than in their middle nacreous structures. For instance, in the two specimens of E. niponica, the {102} poles in the inner layers showed six maxima (type E) (Supplementary Material Fig. S3L, T) . In addition, a similar pattern was recognized, but was not as distinct, in N. sp. (Supplementary Material Fig. S2Q ). The six maxima can be interpreted as products of the high incidence of double (polycyclic) 
Solemyida
The Solemyidae (superfamily Solemyoidea) exhibit considerable variation in shell microstructures (see Sato et al., 2013) ; however, their crystallographic textures were found to be uniform (Supplementary Material Fig. S4 ). Acharax johnsoni possesses a reticulate structure in the outer layer and cone complex crossed lamellar (cone CCL) structure in the inner layer. Nevertheless, they had irregular shapes and only barely clustered, circular distributions (type F) were commonly found in the {102} pole figures in both layers (Supplementary Material Fig. S4A-D) . The outer layers of A. japonica and Solemya pusilla have a common radially elongate simple prismatic structure. On the other hand, their inner layers differ from each other: A. japonica has a laminar and S. pusilla a homogeneous structure. Nevertheless, the main crystallographic directions of the two layers in both species are similar (type C crystallographic textures; Supplementary Material Fig. S4E-L) .
The shell of Huxleyia sulcata, which belongs to Manzanelloidea, has an entirely homogeneous structure. Its crystallographic texture showed a circular distribution of the {102} pole (type F; Supplementary  Material Fig. S4M ).
Nuculanoidea
In contrast to the above-mentioned taxa, the shell microstructures of the superfamily Nuculanoidea are generally uncomplicated and a homogeneous structure was observed in all studied species. On the other hand, the crystallographic textures were not uniform, even for the same microstructures (Supplementary Material  Fig. S5, 6 ). Two species of Nuculanidae, Nuculana tanseimaruae and Saccella gordonis, and one species of Neilonellidae, Neilonella soyoae, have fibrous prismatic structures in their outer layer. However, their crystallographic textures were not the same. While the fibrous prismatic structures of two N. tanseimaruae specimens showed a girdle-like distribution of their {102} poles and weakly reclined {002} poles (around 15°) (type C) (Supplementary Material Fig. S5E, I ), those of S. gordonis and N. soyoae showed much more scattered {102} and {002} poles (type F; Supplementary Material Fig. S5A , B, U, V). Similarly, the homogeneous structure in each species was defined by three distinct crystallographic textural patterns. Type F crystallographic textures were recognized in the outer layers of Malletia takaii and Tindaria soyoae (Supplementary Material  Fig. S5M, N, Q, R) . Meanwhile, the outer layers of two Yoldia species (Supplementary Material Fig. S6A , B, E, F) and the inner layers of T. soyoae (Supplementary Material Fig. S5S , T) and two specimens of N. tanseimaruae (Supplementary Material Fig. S5G, K) showed type C crystallographic textures. Saccella gordonis, exceptionally, showed the type E crystallographic pattern (Supplementary Material Fig. S5C, D) . Fine complex crossed-lamellar structures (fine CCL) in the inner layers of T. soyoae, N. soyoae and two Yoldia species (Supplementary Material Fig. S5S , T, W, X; 8D, H, K, N) showed type C patterns.
DISCUSSION
Substantial diversity in crystallographic textures has been documented in various molluscan shells and we present detailed data with broader taxonomic sampling in protobranch bivalves. Chateigner et al. (2000) characterized the crystallographic textures of shell microstructures in 50 molluscan species using X-ray diffractometry. They found that the nacreous structures of bivalves and cephalopods had six maxima in the a-axis direction (equivalent to our type E pattern) and that those of gastropods and monoplacophorans had a ring-like pattern in the same direction (our type C). After examining the nacre of 12 species from the families Nuculoidea, Ostreida, Mytilida, Unionida and Trigoniida, they concluded that all bivalves had the same textural pattern. On the other hand, Frýda et al. (2010) conducted an electron backscatter diffraction analysis on the crystallographic textures of nacreous structures within four bivalve taxa: Nuculidae, Mytilida, Ostreida and Unionida. They concluded that unordered nacre (ring-like pattern; our type C) was found in basal groups of bivalves and that ordered nacre (our types D and E) occurred in more derived taxa. In addition, they found a variety of ordered and disordered nacreous structures within a family or genus, or even within different shell layers of the same species. As to other microstructures, Almagro et al. (2016) reported remarkable crystallographic diversity in the crossed lamellar structures among bivalve and gastropod shells. In line with these reports, our study shows that crystallographic textures are variable in aragonitic prismatic, fine CCL and homogeneous structures among protobranchs. Our crystallographic data on two specimens each of Ennucula niponica and Nuculana tanseimaruae from two different localities imply that the crystallographic textures in these shells show little intraspecific variation. Several studies have reported that crystal forms, size and orientation of molluscan shells are affected by some environmental factors (e.g. water temperature, Wada (1972) , Olson & Gilbert, 2012a; Olson et al., 2012b; pH, Hahn et al., 2014) . Thus, one possibile explanation for the intraspecific variation in these species could be related to physical factors. By comparing the crystallographic textures, we found that, as expected, interspecific variation in crystallographic textures was more significant than intraspecific variation and that, in some cases, similarity in crystallographic aspects can be established between closely related taxa (Fig. 4) . These results strongly imply that crystallographic textures are phylogenetically constrained, as described below.
Phylogenetic constraint of crystallographic textures
Nuculoidea: The textural patterns of nuculoidean outer layers seem to provide robust signals for their phylogenetic groupings. For example, two Acila species commonly showed type A patterns in their outer layers, even though they are seemingly composed of different microstructures. Acila vigilia has an irregular nondenticular composite prismatic structure in the outer layers, while the outer layer of A. insignis shows an irregular fibrous prismatic structure. These microstructures differ in their first-order structure, but share long acicular crystals (high length/width ratio) as second-order structural units (see definition by Sato & Sasaki, 2015) . We therefore consider that their microstructural differences, as defined by the first-order microstructures, are not significant in crystallographic terms. The crystallographic texture of the outer layer of N. sp. showed a pattern similar to that of Acila species (type B). Nucula and Acila were sister groups in the molecular phylogenetic analysis by Sharma et al. (2013) , while Ennucula species occupy a position that is basal to other nuculids in their phylogenetic tree. This topology seems to be consistent with the differences we found in their crystallographic textures: only E. niponica had an exceptional pattern (type C). Unlike the other nuculids, the crystallographic a-axis does not follow the long axes of acicular crystals composing the outer layer of E. niponica (see Sato & Sasaki, 2015: fig. 79 ), thus suggesting an unusual mechanism of crystal formation. While the molecular phylogenetic position of Sinonucula is still unknown, S. cyrenoides may be close to Acila or Nucula based on the type A textural pattern of its outer layer.
Solemyida: The monophyly of Solemyida is controversial in current studies on molecular phylogeny ( Fig. 4B ; monophyletic according to Bieler et al., 2014 ; nonmonophyleyic according to Sharma et al., 2013 and Combosch et al., 2017) . Shell microstructures of Solemyidae are variable, but their textural patterns were almost uniform among different species and different layers in the same specimens. As to the similarity of crystallographic textures among different layers, this might be related to the distribution of their shell layers associated with their unique mantle morphologies (Beedham & Owen, 1965; Taylor, Glover & Williams, 2008) . While all species of Solemyida we analysed share granular crystals as the second-or third-order units in their microstructures, the textural pattern of Huxleyia sulcata (Manzanelloidea) did not resemble that of solemyids. Carter (1990) reported nacre-bearing Solemyidae from the Carboniferous. Thus, the microstructural composition of extant solemyids probably represents a secondary condition and the textural patterns of solemyids and manzanellids are not homologous.
Nuculanoidea: Since multiple nonmonophyletic (i.e. paraphyletic or polyphyletic) relationships were recognized for Nuculanoidea in a previous molecular study (Sharma et al., 2013) , we need to be careful when interpreting their character states in this superfamily. However, similar textural patterns were recognized in two Yoldia species. Both have outer homogeneous and inner fine CCL structures. Although the fine CCL of the two species slightly differs in the length of the acicular crystals composing the crossed-lamellar structure (see Sato & Sasaki, 2015) , their textural patterns were type C. In addition, textural patterns of the shells of Malletia takaii, Tindaria soyoae and Neilonella soyoae were similar, despite their different shell microstructural components. These species are relatively close in the molecular phylogenetic tree of Sharma et al. (2013) . Our results may indicate that they share the same mechanism of biomineralization. On the other hand, N. tanseimaruae and Saccella gordonis, both of which belong to Nuculanidae, do not share this crystallographic textural pattern. This demonstrates that shell microstructures and crystallographic textural patterns do not always coincide in the Nuculanoidea. This result could be explained by their controversial classification or by convergence due to habitat (e.g. water temperature). The nacreous structure is regarded as a plesiomorphy in the Protobranchia; nacre-bearing nuculanids have been reported from the Palaeozoic in the fossil record (Nevesskaya et al., 1971; Carter, 1990; Vendrasco et al., 2013; Sato & Sasaki, 2015) . Therefore, the observed structures in each genus, such as the homogeneous structure, may have evolved independently from nacre.
Phylogenetic constraint of crystal orientation
Our data also showed that the orientation of crystals across whole shell layers changed in each superfamily, as summarized below.
Nuculoidea: This taxon had two to three textural patterns in an individual shell. Even the nacreous structures in the middle and inner layers clearly showed different patterns, except for two Acila species. The columnar nacreous structure in the middle layers of these species showed a ring-like pattern or a dyad symmetry clustering (types C and D) of the {102} pole maxima. Their inner layer consisted of sheet nacre with six maxima to nearly ring-like patterns (types C and E) for the {102} pole figure maxima. These results imply that either the a-and b-axes of nacre tablets become progressively disoriented as the nacreous layer thickens, or the crystallographic textures drastically change around the boundary of the middle and inner layers, where the myostracum is positioned. The latter possibility is more likely, because nacre tablets stack in different ways in the two layers (straight vertical stacking in columnar nacre and brickwall-like offset stacking in sheet nacreous structures; Sato & Sasaki, 2015) . Chateigner et al. (2000) concluded that all bivalves had poles. Asterisks indicate Manzanelloidea. B. Phylogenetic relationships of protobranchs and other bivalve taxa according to (i) Smith et al. (2011) ; (ii) Sharma et al. (2013) ; (iii) Bieler et al. (2014) ; (iv) Combosch et al. (2017) . C. Correspondence between microstructures and their textural patterns. Abbreviations: cone CCL, cone complex crossed lamellar structure; CN, columnar nacreous structure; CP, composite prismatic structure; DCP, denticular composite prismatic structure; FA, foliated aragonite structure; fine CCL, fine complex crossed lamellar structure; FP, fibrous prismatic structure; Hom, homogeneous structure; IFP, irregular fibrous prismatic structure; INDCP, irregular nondenticular composite prismatic structure; NDCP, nondenticular composite prismatic structure; RESP, radially elongate prismatic structure; SN, sheet nacreous structure. In A: circle marks indicate presence of myostracum; triangles indicate that myostracum is obscure; crosses indicate absence of myostracum. the same textural pattern (our type E) in their nacreous structures, while Frýda et al. (2010) claimed that bivalves nacre can be anything from ordered to unordered (our types C, D and E). These results conflict with each other, although both studies analysed the same species (Pinna nobilis, Mytilus californianus and M. edulis). One probable reason for this conflict is that these studies did not consider the existence of two nacreous layers separated by the myostracum. Chateigner et al. (2000) appear to have analysed the crystallographic texture of the nacreous structure near the inner shell surface for technical reasons, whereas Frýda et al. (2010) used shell fragments that were cut roughly in the middle of the nacreous shell layer. Thus, the former study may have analysed the inner nacreous layers, while the latter dealt with the middle layers. This hypothesis is reasonable, since the Neotrigonidae and Mytilidae are known to possess both columnar and sheet nacreous structures (Taylor et al., 1969; Génio et al., 2012) . On the other hand, Checa & Rodríguez-Navarro (2005) confirmed that the textural pattern of the sheet nacreous structure of P. nobilis is almost uniform from the outer to the inner part. This explains why both studies (Chateigner et al., 2000; Frýda et al., 2010) showed the same result for P. nobilis (our type E).
Solemyida and Nuculanoidea: Unlike Nuculoidea, the crystallographic textures in the species we examined did not drastically differ from each other. Their textural patterns remained invariable from the outer to the inner layer; at most, they became slightly more ordered in the inward direction. This progressive crystal coorientation is probably due to competition between crystals, as demonstrated in calcitic prismatic structures of the outer layers in pteriomorphs (Malleus regulus, Propeamussium sibogai and Ostrea puelchana; Esteban-Delgado et al., 2008). As mentioned above, the nacreous structure is likely to be a plesiomorphy in protobranchs. Moreover, each individual shell of Nuculoidea has two to three distinct textural patterns, in contrast to Solemyida and Nuculanoidea. Thus, the uniform crystallographic textures recognized in each of these two groups may imply that they have lost the intrinsic mechanism for regulating the calcium carbonate crystals.
Regulation of crystal growth by organic materials of the shell matrix has been reported in (1) nacre formation in pearl oysters (Rousseau et al., 2009; Saruwatari et al., 2009; Suzuki et al., 2009) and (2) crystalline organization of the calcitic fibrous prismatic structure in Mytilus galloprovincialis (Checa et al., 2014) . In addition, homologues of shell-matrix proteins have been identified in closely related species (Sarashina et al., 2006; Isowa et al., 2012) . Therefore, the above-mentioned homology of the crystallographic texture among protobranch superfamilies suggests that they share identical mechanisms of shell formation, including particular proteomic pools. Frýda, Bandel & Frýdová (2009) confirmed that the crystallographic texture of nacre in the Late Triassic gastropod Wortheniella coralliophila is similar to that in modern vetigastropods and suggested that the molecular and physical mechanisms of nacre formation in gastropods have remained unchanged since that time. In the future, further SEM and XRD studies of shell microstructures will provide better knowledge on the evolution of microstructures, as well as on the physical and molecular mechanisms of biomineralization.
CONCLUSIONS
Our analysis revealed interspecific unity and homology of the crystallographic textures of shell microstructures in Protobranchia, which is regarded as the most basal group of the Bivalvia.
(1) Two to three distinct textural patterns were recognized in nuculoidean shells. The categorized types of crystallographic textures in their outer layers are consistent with their phylogenetic relationships. Re-evaluation of the microstructures in the outer layer based both on SEM observations and XRD analysis will provide a reliable basis for the identification of extant and fossil nuculids. The two types of nacreous structures, columnar and sheet in the middle and inner layers, respectively, can be distinguished by their textural patterns in most species. (2) In Solemyida, the crystallographic textures are uniform, despite the diversity in their shell microstructures. (3) In Nuculanoidea, morphologically similar microstructures do not always have the same crystallographic textures. However, in most cases, closely related species share similar textural patterns regardless of differences in shell microstructure. Thus, their crystallographic textures seem to be constrained phylogenetically. (4) The crystallographic textures in Solemyida and Nuculanoidea do not change drastically from the outer to the inner layers. Since molecular phylogenetic and palaeontological data suggest that the Solemyida and Nuculanoidea are relatively derived taxa (in contrast to the Nuculoidea), the crystallography of their microstructures can be regarded as apomorphic within the Protobranchia.
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